35°27'41"S, 138°43'91"E), and were individually transplanted into 1.65 litre pots containing 138 the same commercial soil in late January 2011. Throughout the experiment, plants were 139 grown in the commercial soil mentioned. This soil was not inoculated with field soil in case 140 of introducing any pathogens into the system. Further, although the commercial soil was not 141 inoculated with any rhizobial strain this may be inconsequential as nodules were present on 142 all experimental plants (total biomass of uninfected plants of both species in the high N (HN) 143 treatment were similar with those in the treatment without additional N provided (LN), Fig.   144 1a; and as expected, nodule biomass per unit root biomass was significantly higher at LN 145 versus HN (independently affected by N, Tables 1 and 2)). All plants were provided with 400 146 ml of liquid fertiliser (Nitrosol; Rural Research Ltd, Auckland, New Zealand; NPK 8:3:6) 147 monthly (dilution factor and frequency in accordance with the manufacturer's directions). 148 Synchronous infection with C. pubescens of randomly selected individuals of both species 149 was achieved in mid-June 2011 using the method described in Shen et al. (2010) . Briefly, 150 large U. europaeus plants already infected by C. pubescens were used as the source of 151 infection, and the parasite was allowed to coil and attach to stems of experimental plants. 152 Stems of C. pubescens attached to the newly parasitised plants were severed from the U. 153 europaeus donor plant in early November 2011. The process of attachment took 4-5 months. 154 Experimental plants were monitored for a further week to ensure that C. pubescens had 155 successfully established on the hosts. All plants were then individually re-potted into 5 litre 156 pots containing the same commercial soil in early December 2011. 157 Uninfected and infected plants of both species were randomly allocated into two N 158 treatments. Plants in the high N treatment (HN) were provided with standard Hoagland's 159 solution. Plants in the treatment without additional N (LN) were provided standard 160 Hoagland's solution with KCl and CaCl2 substituted for KNO3 and Ca(NO3)2. 4H2O, 161 respectively. All plants were randomly allocated into six blocks, each block containing all 162 8 combinations of treatments, and were re-randomised fortnightly to account for small light 163 differences in the glasshouse. Plants were provided with 400 ml of standard (HN) Where Yield is PSII efficiency in the light, PAR is photosynthetically active radiation, 0.5 175 signifies that two photons are required to transport a single electron and 0.84 is the 176 absorptance factor for a standard leaf of an angiosperm (White & Critchley, 1999; Strong et 177 al., 2000) . Actinic light levels were automatically increased in eight steps at 10 s intervals 178 and included an initial measurement in darkness. Rates of electron transport were considered 179 to be at their maximum (ETRmax) at the same actinic light level within species where highest 180 rates where consistently reached and most representative of replicates. ETRmax occurred at 181 photon flux densities (PFD) of 1904 ± 23.31 μmol m ̶ 2 s ̶ 1 for U. europaeus, 1308 ± 20.41 182 μmol m ̶ 2 s ̶ 1 for A. paradoxa, and 1439 ± 12.85 μmol m ̶ 2 s ̶ 1 for C. pubescens on both hosts.
183
In situ measurements of ETR were made between 11:00 and 13:00 on the youngest fully 184 expanded spine or phyllode, depending on species, on a sunny day in mid-May 2012, 103 185 9 days after N treatments were imposed (DAT); and on C. pubescens 15 cm from the growing 186 tip on a sunny day in mid-May 2012 (107 DAT).
187
Measurements of photosynthesis (A) and stomatal conductance (gs) were obtained using a 188 portable Ciras-2 gas-exchange system fitted with a PLC (5) conifer cuvette (PP Systems, 189 Amesburg, MA). This cuvette enabled gas exchange measurements on the different 190 photosynthetic organs (stems with spines or phyllodes) of U. europaeus and A. paradoxa. 191 Measurements were made between 10:30 and 13:00 in early June 2012 (when days where 192 sunny between 117-129 DAT), at mean PFD=1278 ± 4 μmol m ̶ 2 s ̶ 1 , n=32 (Results are 193 presented in Supporting Information Fig. S3 and Table S4 ). The variances of the data were homogeneous and the effects of infection with C. pubescens, 204 N supply and host species were assessed using a three-way ANOVA. Where a three-way 205 interaction was not detected, two-way interactions were considered e.g. Infection x Host Nitrogen did not have any interactive or independent effect on total or shoot biomass of either 217 U. europaeus or A. paradoxa (Table 1 , Fig. 1a , c). There was however, a species x infection 218 interaction for total and shoot biomass (Table 1) . Total and shoot biomass of infected U. 219 europaeus was c. 60% less than that of uninfected plants ( Fig. 1b, d ). Infection had no effect 220 on total or shoot biomass of A. paradoxa (Fig. 1b, d) . In contrast to total and shoot biomass, 221 there was a three-way interaction for root biomass (Table 1 , Fig. 1e ). Root biomass of 222 infected U. europaeus in HN and LN was 56% and 36% lower compared with that of the 223 respective uninfected plants ( Fig. 1e ). Root biomass of infected A. paradoxa in the LN 224 treatment was 39% less relative to that of respective uninfected plants ( Fig. 1e ), but infection 225 had no effect on root biomass of A. paradoxa in the HN treatment ( Fig. 1e ).
226
There were no treatment interactions for host leaf area, shoot:root ratio, nodule biomass or 227 nodule biomass per g root biomass (Table 1) . There was however, an independent effect of 228 infection on leaf area (Table 1) . Phyllode/spine area of infected plants on the whole was 42% 229 less than that of uninfected plants (Table 2 ). There was also an independent effect of infection 230 on nodule biomass (Table 1) . Nodule biomass on roots of infected plants was 41% lower 231 compared with that of uninfected plants (Table 2 ). There was an independent effect of species 232 11 on all four parameters. Spine area of U. europaeus was 70% lower relative to phyllode area 233 of A. paradoxa (Table 2) . Shoot:root ratio of U. europaeus was 48% lower than that of A. 234 paradoxa (Table 2) . Nodule biomass of U. europaeus was 43% lower compared with that of 235 A. paradoxa (Table 2) . Nodule biomass per g root biomass of U. europaeus was 58% lower 236 relative to that of A. paradoxa (Table 2) . This parameter was also independently affected by 237 N treatment (Table 1) . Nodule biomass per g root biomass of plants in LN (0.127 ± 0.017) 238 was 20% higher than that of plants in HN treatment (0.102 ± 0.014). Parasite biomass, both 239 total and on a per g host biomass basis, was independently affected by species but not by N 240 treatment ( Table 3 , Fig. 2a, b ). Total parasite biomass on A. paradoxa was 63% less than it 241 was on U. europaeus (Fig. 2a ), and was nearly an order of magnitude lower per g of host on 242 A. paradoxa than on U. europaeus (Fig. 2b) .
243
There was no three-way interaction for host foliar N concentration (Table 1 , Fig. 3a ). There 244 was however, an N x infection interaction for this parameter (Table 1) . Host foliar N 245 concentration of infected plants was not significantly different from that of uninfected plants 246 in either HN or LN (Fig. 3b ). However, foliar N of infected plants in HN was significantly 247 higher compared with that of infected plants in LN treatment (Fig. 3b ). There was also an 248 independent species effect on N concentration of spines or phyllodes (Table 1) . 'Foliar' N 249 concentration of U. europaeus was 32% lower than that of A. paradoxa (Fig. 3c ). There was 250 no N x species interaction or independent effects on N concentration of C. pubescens stems 251 ( 46% while having no effect on that of A. paradoxa, regardless of N treatment (Fig. 4b ). There 257 was no interactive effect of N x species or any independent effects of these factors on ETRmax 258 of C. pubescens (Table 3 , Fig. 4c ).
259
Discussion 260 A simplified model of the C and N dynamics of the 'host + parasite + rhizobia' system is 261 presented as a framework from which treatment effects can be interpreted (Fig. 5 ). The 262 parasite as a partial and complete sink for C and N, respectively, may affect host C budget i.e.
263
'whole plant photosynthesis' (unit rate x 'leaf area') and thus, C supply to host roots + 264 nodulation. The latter in turn dictates the host's ability to acquire N which can also affect 265 whole-plant C gain through its impact on foliar N concentration and rate of photosynthesis.
266
Our hypothesis that C. pubescens would have a greater effect on host performance under LN 267 was supported by the root biomass data, although for the native not introduced host as be due to the parasite's significant impact on spine area and ETRmax of this host which would 281 negatively affect its C budget (Fig. 5 ). But in contrast to A. paradoxa at LN, of that less 282 available C it seems that U. europaeus allocated more toward root growth (Fig. 1) , but with a 283 56% decrease in nodule biomass and hence, lower rate of nodulation (g nod g root dwt -1 ) 284 relative to respective uninfected plants (Table 2) . Thus, at LN, infected U. europaeus despite 285 having decreased N-fixing capacity per unit root appears to have acquired adequate N supply 286 to maintain similar N concentration relative to other treatment combinations by increased root 287 biomass. This was also probably made possible by its total biomass being significantly lower 288 than uninfected plants. That is, although parasite demand for C and N was presumably 289 relatively large on this host (inferred from vigorous parasite growth), a much smaller infected 290 U. europaeus would require less nitrogen than a much larger uninfected plant to mainatin a 291 relatively similar N concentration.
292
Within host species, LN plants were able to maintain similar foliar N concentrations as HN 293 plants likely because they had significantly higher nodule biomass per gram root biomass, 294 and thus, sufficient access to N from rhizobia in these conditions. Therefore, it makes sense 295 that N treatment had no influence on ETRmax/total biomass of either host species and in turn 296 no interactive effect with infection on these parameters. By contrast, Shen et al. (2013) found 297 that the impact of Cuscuta campestris on total biomass of Mikania micrantha was more 298 severe at low N. Parasites can affect host growth due to effects on host photosynthesis and/or 299 resource removal. As Shen et al. (2013) found no significant N x infection interaction on host 300 photosynthesis; they attributed the greater effect on host growth at low N to increased 301 resource removal by Cuscuta campestris in these conditions. This difference between 302 findings may be in part related to Cuscuta campestris and C. pubescens being holo and 303 hemiparasites and or being associated with non-leguminous and leguminous hosts in these 304 studies, respectively.
14
Cassytha pubescens significantly decreased nodule biomass of both species, regardless of N.
306
By contrast, Tennakoon et al. (1997) found that nodule biomass on roots of Acacia littorea 307 was unaffected by the root hemiparasite Olax phyllanthi. This difference may be due to 308 infection having a significant effect on ETRmax of U. europaeus and foliar area of both hosts 309 in our study, whereas O. phyllanthi had no effect on either host photosynthesis or leaf area of 310 its host (Tennakoon et al., 1997) . As a result, infected plants in our study may have had less 311 C for rhizobia, which would explain why infection negatively impacted nodulation.
312
Another important finding of our study was that total biomass of U. europaeus but not that of 313 A. paradoxa, was affected by C. pubescens, regardless of N. This is similar to other studies 314 that have reported greater negative effects of native parasites on growth of introduced rather 315 than native hosts (Prider et al., 2009; Li et al., 2012; Cirocco et al., 2016a, b) . Our results 316 may be explained by the infection effect on photosynthetic performance of U. europaeus, but 317 not that of A. paradoxa (Fig. 4b ). It may also in part be due to more effective resource 318 removal by the parasite from U. europaeus compared with A. paradoxa, resulting from a 319 more effective haustorial connection to the introduced host (see Gurney et al., 2003; 320 Cameron et al., 2006; Gurney et al., 2006; Cameron & Seel, 2007; Rümer et al., 2007) . This 321 is plausible considering that an earlier study with C. pubescens demonstrated that the 322 radioactive phosphorous isotope 32 P was transferred more effectively across haustoria formed 323 on the introduced host Cytisus scoparius (broom) than those on the native host Acacia 324 myrtifolia (Tsang, 2010) .
325
This idea is further supported by the fact that in our study, photosynthesis of the parasite was 326 similar on both hosts, but the parasite grew significantly larger both in absolute and per unit 327 host biomass terms on U. europaeus than A. paradoxa (Figs 4c, 2 a, b) . Again, our finding 328 builds on consistent reports that native parasites with indeterminate growth such as C. 329 pubescens, grow much more vigorously on introduced versus native hosts (Prider et al., 2009; 330 15 Yu et al., 2011; Li et al., 2012; Cirocco et al., 2016a) . Nitrogen was not found to influence 331 parasite biomass in absolute terms nor on a per g host biomass basis. By contrast, Shen et al. 332 (2013) found that biomass of Cuscuta campestris infecting M. micrantha was significantly 333 greater at high than low N supply. Similarly, the root hemiparasite Santalum album grew 334 significantly larger on the nodulated versus non-nodulated host Dalbergia odorifera (Lu et 335 al., 2013 , but see Jiang et al., 2008 . It appears that in these studies, hosts grew larger in 336 response to high N/nodulation and so too did the parasites (Lu et al., 2013; Shen et al., 2013) .
337
Here, infected plants did not grow larger in HN relative to LN. This may be due to hosts , 2009; Shen et al., 2010) . Importantly, our study revealed that A. paradoxa is the first 351 native host studied whose photosynthesis was not affected by the native hemiparasite C. Information Table S2 . Information Table S3 . 
